Abstract Mitochondrial respiration releases reactive oxygen species (ROS) as by-products that can damage the soma and may in turn accelerate ageing. Hence, according to "the oxidative stress theory of ageing", longer-lived organisms may have evolved mechanisms that improve mitochondrial function, reduce ROS production and/or increase cell resistance to oxidative damage. Cardiolipin, an important mitochondrial innermembrane phospholipid, has these properties by binding and stabilizing mitochondrial inner-membrane proteins. Here, we investigated whether ROS production, cardiolipin content and cell membrane resistance to oxidative attack in freshly collected red blood cells (RBCs) are associated with longevity (range 5-35 years) in 21 bird species belonging to seven Orders. After controlling for phylogeny, body size and oxygen consumption, variation in maximum longevity was significantly explained by mitochondrial ROS production and cardiolipin content, but not by membrane resistance to oxidative attack. RBCs of longer-lived species produced less ROS and contained more cardiolipin than RBCs of shorter-lived species did. These results support the oxidative stress theory of ageing and shed light on mitochondrial cardiolipin as an important factor linking ROS production to longevity.
Introduction
There is tremendous variation in lifespan among species within the same taxa, with for instance a 26-time difference in maximum longevity between the shortest-and the longest-lived bird species (3 years for the red-faced warbler, Cardellina rubrifrons versus 79 years for the Andean condor, Vultur gryphus; http://genomics. senescence.info/species/). Understanding the proximate factors that allow some species to be longer-lived is a central issue in gerontology. Because life is sustained by energy, how organisms acquire, convert and allocate energy is thought to be important determinants of longevity (Hulbert et al. 2007; Salin et al. 2015) . At the cellular level, energy conversion takes place in the mitochondrion, and thus, one hypothesis is that variation inin the rate of ageing. An initial argument for this hypothesis came from Denham Harman who postulated in 1956 that the production of damaging reactive oxygen species (ROS) as a by-product of mitochondrial respiration could explain ageing (Harman 1956 ). Indeed, when produced in excess to the antioxidant defences and repair mechanisms, ROS can damage biomolecules such as lipids, proteins and DNA, and those oxidative damages can accumulate over time and ultimately lead to cellular dysfunctions and ageing (Beckman and Ames 1998; Finkel and Holbrook 2000) . This "oxidative stress theory of ageing" hypothesis posits that longer-lived species should be better equipped to resist oxidative stress and/or have mitochondria that produce less ROS than shorter-lived species.
Cell membrane composition in phospholipids can affect both cell resistance to oxidative stress and mitochondrial ROS production and thus is of prime interest when trying to explain variation in the rate of ageing (Hulbert 2003; Hulbert et al. 2007; Pamplona et al. 2002) . Unsaturated phospholipids are important to ensure membrane fluidity and, in turn, normal functions of transmembrane proteins and cell homeostasis (Hulbert et al. 2007 ). Yet, unsaturated phospholipids are also more susceptible to ROS, and high levels of lipid peroxidation can lead to a loss of cellular integrity and eventually cell and organismal death. Accordingly, variation across species in membrane composition in unsaturated phospholipids has been reported to correlate with variation in longevity (Galván et al. 2015; Hulbert 2003; Hulbert et al. 2007; Naudí et al. 2013; Pamplona et al. 2002) . Correlative studies where cells were exposed to oxidative attack also indicate that longer-lived organisms and individuals tend to have more resistant cell membranes (Bize et al. 2014; Csiszar et al. 2012; Losdat et al. 2012) .
Phospholipid composition of the inner-mitochondria membrane is also known to play a role in mitochondrial functions and ROS production. Indeed, the key molecular machinery responsible for converting food into energy, but also for ROS production, is the electron transport chain (ETC) located in the mitochondrial inner membrane. Electrons lost by the ETC (mostly by complex I and III; Fry and Green 1981; Houtkooper and Vaz 2008) during mitochondrial respiration can react with dioxygen and lead to the production of superoxide, which is the main source of mitochondrial ROS production. In eukaryotes, cardiolipins are unsaturated phospholipids that are found exclusively in the mitochondrial inner membrane. Cardiolipins are known to bind to the different ETC complexes and to determine ETC complexes' quaternary (functional) structure, position and orientation (Mileykovskaya and Dowhan 2009; Schlame and Ren 2009) . Cardiolipins can also act as proton trap for ATP phosphorylation (Haines and Dencher 2002) , induce ROS-derived release of cytochrome c and activate the mitochondrial transition pore inducing cell apoptosis (Petrosillo et al. 2003) . Because cardiolipins can have important effects on mitochondrial bioenergetics and ROS production (Paradies et al. 2010; Schlame et al. 2000) , variation in cardiolipin content may explain part of the variation in ROS production and, potentially, variation in lifespan. Interestingly, it has recently been shown that longer-lived tropical bird species have less cardiolipin content per cell than shorter-lived temperate bird species do (Calhoon et al. 2014) .
In the present study, we report a comparative study on 21 bird species showing large variation in body size and longevity (Table 1) . Birds are interesting models to perform such a study since, besides the wealth of information on their life histories, they also possess nucleated red blood cells (RBCs) with functional mitochondria in their cytoplasm (Stier et al. 2013 ). Thus, a blood sample can be used to measure both in vivo mitochondrial functions and cell membrane resistance to oxidative attack, and the value of RBCs in ageing studies has recently been highlighted in (Stier et al. 2015) . Here, we investigated the covariation between maximum species lifespan and RBC mitochondrial ROS production (measured by superoxide production), RBC mitochondrial cardiolipin content, and RBC membrane resistance to oxidative attack. In our comparative analyses, we controlled for phylogenetic relationships and for allometry by considering body mass and total oxygen consumption. According to the oxidative stress theory of ageing, we expected longer-lived species to produce less superoxide and/or to have more resistant RBC membranes to oxidative attack. We also expected superoxide production to decrease with the increase in RBC cardiolipin content.
Methods

Blood sampling
We sampled 59 adult individuals belonging to 21 bird species from 15 Families and 7 Orders (Table 1) . Great tits (Parus major) were sampled in the field in Lausanne N is sample size per species. Longevity corresponds to maximum lifespan record in years, mass to mean adult body mass (g) and oxygen consumption (Ox. cons.) to mean oxygen consumption (W) as reported in "the animal ageing and longevity database" website (http://genomics.senescence.info/species/). For each species, means ± standard errors are given for RBC mitochondrial superoxide (SO) production (arbitrary unit), RBC mitochondrial cardiolipin content (arbitrary unit) and RBC membrane resistance to oxidative attack (minutes) AGE (2016) 38:433-443 (Switzerland), and mallards (Anas platyrhynchos) came from a flock of adults captured in the field and kept in captivity at the Department of Ecology, Physiology and Ethology at the University of Strasbourg (France). Galliformes were sampled in a breeding farm (Verney, Switzerland). The other 15 species were sampled at the "La Vaux-Lierre" rehabilitation centre in Etoy (Switzerland) where we took care to include only individuals that had already recovered from their injury. Samples of 20 μl of whole blood were collected from the brachial vein using EDTA microvette (Sarstedt, Germany) and immediately diluted in 730 μl of bird KRL buffer (Kirial international, Laboratoires Spiral S.A., Dijon, France), a physiological buffer adjusted to bird cell osmolarity ((150 mM Na+, 120 mM Cl), 6 mM K+, 24 mM HCO3), 2 mM Ca2+, 340 mosm, pH 7.4, as described in Alonso-Alvarez et al. (2004)). These blood-diluted samples were stored on ice in the dark for a maximum of 10 h prior to laboratory analysis. In the tawny owl (Strix aluco), we found no evidence that RBC membrane resistance and ROS production were explained by the time elapsed between sampling in the field and analyses in the laboratory (mean time elapsed in hours ± standard deviation = 10:37 ± 06:20, range = 02:00-22:15; n = 325 and 271 samples for RBC membrane resistance and ROS production; all P values >0.20; Emaresi et al. 2016) .
Once in the laboratory, blood cells were washed by centrifuging blood-diluted samples for 5 min at 500 relative centrifugal force (rcf) and 4°C, and cell pellets were resuspended in a volume of 1200 μl of KRL buffer. Glucose was added in excess (30 mM final concentration) as a mitochondrial respiration substrate to control for possible inter-individual variations in cell substrate availability and to match high natural glucose concentration in avian blood (Braun and Sweazea 2008) . This stock sample solution was then used as starting solution for the flow cytometric measurements of superoxide production and cardiolipin content and for spectrometric measurements of RBC membrane resistance to oxidative attack.
RBC mitochondrial superoxide production
We quantified the production of superoxide by mitochondrial electron transport chains in live red blood cells using the specific FluoroProbe MitoSOX Red (Molecular Probes, Invitrogen) (Mukhopadhyay et al. 2007) . Two hundred fifty microliters of stock sample solution of blood were incubated for 30 min at avian body temperature (i.e. 40°C) with MitoSOX Red fluorescent dye (12 μM of final concentration once dye was added to the sample, diluted in DMSO). At the end of the incubation period, cells were washed by centrifuging samples for 3 min at 300 rcf and 4°C. Cells were then resuspended in 250 μl of KRL buffer and stored on ice in the dark until flow cytometer measurement on a FACS Calibur (Becton Dickinson) using the FL2 channel and excitation at 582 nm (red fluorescence). For each sample, we acquired 50,000 events and computed median fluorescence value (i.e. arbitrary unit) using the CellQuest Pro software.
RBC mitochondrial cardiolipin content
We quantified the amount of mitochondrial cardiolipins using the specific FluoroProbe nonyl acridine orange (NAO) (Mileykovskaya and Dowhan 2009) . After superoxide quantification, samples were washed by centrifuging them for 3 min at 300 rcf and 4°C. Cells were then resuspended in 250 μl of KRL buffer and incubated for 7 min at 40°C with NAO (10 μM final concentration; Molecular Probes, Invitrogen). At the end of the incubation period, cells were washed again by centrifuging the samples for 3 min at 300 rcf and 4°C before being resuspended in 250 μl of KRL buffer. Samples were stored on ice in the dark until flow cytometer measurement on a FACS Calibur using the FL1 channel and excitation at 200 nm (green fluorescence). For each sample, we acquired 20,000 events and computed median fluorescence value using the CellQuest Pro software. A preliminary parameterization of the flow cytometer channels was performed to control for potential overlapping signals of MitoSOX and NAO probes. Moreover, non-sequential (i.e. independent) measurements of MitoSOX and NAO signals showed similar results (J.D., unpublished data), discarding a potential influence of the MitoSOX dye on the following NAO signal measurement.
RBC membrane resistance to oxidative attack
We investigated resistance of RBC membranes to oxidative attack as previously described in Bize et al. (2008) . Briefly, 90 μl of the stock blood sample solution were incubated at 40°C and exposed to a radical attack by adding to it a solution of 150 mmol of 2,2′-azobis-(amidinopropane) hydrochloride diluted in 153 μl of KRL buffer. We measured cell membrane resistance to an oxidative attack as the time needed to haemolyse half of the red cells. Cell haemolysis was quantified using a microplate reader by following the decrease of optical density at the wavelength of 540 nm and using the Kirial International processing analysis software.
Maximum lifespan, adult body mass and total oxygen consumption Information on species maximum longevity record (in years), adult body mass (species average, in grams) and total oxygen consumption (species average, in watt) were obtained from "the animal ageing and longevity database" website (http://genomics.senescence. info/species/) (Tacutu et al. 2013) (Table 1) . Measures of whole organism metabolic rates were used as proxy of oxygen consumption. We had no information on the exact age of individuals used in this study, and hence, we could not control for this factor in our analyses. We cannot exclude that individuals were sampled at older ages in long-lived species when compared to short-lived ones. However, mitochondrial ROS production is expected to increase with age within species (Criscuolo et al. 2010; Passos et al. 2007a, b) , implying that our analyses are conservative because this potential bias would reduce the potential detection of a negative association between maximum lifespan and ROS production across species. Moreover, we performed analyses of variance (ANOVAs) with species for which we sampled more than one individual to test whether variability is higher between than within species. The results showed that individuals were more similar within than between species (RBC mitochondrial superoxide production: F (15, 38) = 3.89, P = 0.0004; RBC mitochondrial cardiolipin content: F (13, 34) = 5.48, P < 0.001; RBC membrane resistance to oxidative attack: F (15, 38 ) = 9.15, P < 0.001). Hence, our analyses are probably not confounded by inter-individual differences in RBC mitochondrial attributes.
Statistical analyses
As presented in Table 2 , some of our variables were inter-correlated. As explained in Quinn and Keough (2006) , this is an important issue in linear models that can be solved via the use of a principal components analysis (PCA). We thus summarised the information enclosed in our different explanatory factors (i.e. RBC mitochondrial superoxide production, RBC mitochondrial cardiolipin content, RBC membrane resistance to oxidative attack, adult body mass and total oxygen consumption) with a PCA using the software JMP (version 9, SAS Institute). We used varimax rotation to maximize the contrasts of the variable loadings between the components, restricting further analyses to components with eigenvalues higher than 1, and to create independent, orthogonal, explanatory variables for later use in phylogenetic analyses (Table 3 ). Bartlett's sphericity tests showed that there was enough redundancy between our variables to compute PCA components (all P values <0.001).
We investigated the influence of the different principal components (PCs) on maximum lifespan by computing phylogenetic generalized least squares models using the pgls function in the package caper in R (Orme 2013 ). This method allows us to take into account the covariance among traits due to the phylogenetic relationships between species. It further permits to account for the relative effect of the phylogenetic tree on the linear model by estimating the parameter λ, which takes a value of 1 if the phylogenetic tree fully explains the covariance observed between species measurements and a value of 0 if the variation among species is independent from their shared evolutionary history. We built the initial model including each PC with eigenvalues higher than 1 and performed a backward model selection based on model significance and on parsimony.
We built our own phylogeny in order to run the phylogenetic generalized least squares models including all the species sampled in our study. We used two DNA regions from the mitochondria (cytochrome b and the 12S ribosomal DNA) to build the phylogenetic tree among the 21 sampled species. Sequences were imported from GenBank (http://www.ncbi.nlm.nih. gov/genbank/). The two genes were concatenated and the alignment was performed with the software Muscle (Edgar 2004) as implemented in Seaview (version 4) (Gouy et al. 2010) . The model of nucleotide substitution for each DNA region was estimated by AIC using the software MEGA (version 5) (Tamura et al. 2011) . The model GTR + G + I was selected for both regions. We conducted a Bayesian analysis using MrBayes (version 3.2.2) (Ronquist et al. 2012) . We ran the Markov chain Monte Carlo (MCMC) algorithm for 10,000,000 generations and sampled trees and model parameters every 1000 generations. We repeated the analyses twice, and we checked for the convergence of the MCMC chain by inspecting the trace of the likelihood and the estimated model parameters using the software Tracer (version 1.6 ). We considered that the first 25 % of the samples represented the burn-in of the MCMC chains and combined the two runs to estimate the posterior probabilities of the phylogenetic tree and model parameters. Fifteen out of the 20 nodes present in the phylogenetic tree were well supported with posterior probability superior to 0.907. The five remaining nodes had posterior probabilities ranging from 0.344 to 0.885 (Fig. 1) . The obtained tree was congruent with published trees of birds (Hackett et al. 2008) .
Results
There were correlations among the different explanatory factors (i.e. RBC mitochondrial superoxide production, RBC mitochondrial cardiolipin content, RBC membrane resistance to oxidative attack, adult body mass and total oxygen consumption; Table 2 ). Species consuming more oxygen were larger; their RBC produced a higher amount of mitochondrial superoxide and possessed lower content of mitochondrial cardiolipin (Table 2) . Species possessing fewer cardiolipins per RBC were larger and produced more superoxides per RBC (Table 2) . Therefore, there are clearly allometric relationships with the different variables. From the principal components analysis, the three first principal components, with eigenvalues greater than 1, explained together 91.6 % of the total variance (Table 3) . PC1 was positively loaded with body mass and total oxygen consumption (Table 3) , thus indicating that species with higher PC1 values were heavier and had a higher metabolism than species with lower PC1 values. PC2 was positively loaded with RBC mitochondrial superoxide production and negatively with RBC mitochondrial cardiolipin content, indicating that species with higher PC2 values had a higher superoxide production but a lower amount of cardiolipins per RBC than did species with lower PC2 values. PC3 was positively loaded with RBC resistance to oxidative attack ( Table 3 ), indicating that species with higher PC3 values had RBC membranes that were more resistant to oxidative damage than species with lower PC3 values did. Hereafter, we refer to these components as descriptors of species size (PC1), RBC mitochondrial attributes (PC2) and cell resistance (PC3). The most parsimonious model had an estimated phylogenetic signal of λ = 0.30, not significantly different from 0 (P = 0.619) but significantly different from 1 (P = 0.050) (model 2 in Table 4 ), indicating that only part of the covariance observed between species was explained by phylogenetic relationships between species. This model retained species size (PC1) and RBC mitochondrial attributes (PC2) as the best predictors of lifespan, but not cell resistance (PC3) (model 2 in Table 4 ). Long-lived species had higher adult body mass and higher oxygen consumption (significant positive effect of PC1: mean effect ± standard error = 20.29 ± 7.71; P = 0.017) than short-lived species, but also RBC of longer-lived species had higher cardiolipin content and produced less superoxides than RBC of shorter-lived species (PC2 −4.20 ± 1.85; P = 0.036) (Fig. 2) .
Discussion
We investigated the explanatory role of mitochondrial bioenergetics in variation in lifespan among 21 bird species with maximum lifespan ranging from 5 to 35 years. After controlling for phylogenetic relationships, variation in maximum longevity was significantly correlated with species size (i.e. body mass and oxygen consumption; P = 0.017) and RBC mitochondrial attributes (i.e. superoxide production and cardiolipin content; P = 0.036). As already described in the literature, Table 4 Results of pgls models (package caper) on longevity variation between species (N = 21)
Model
Estimator Error P Adjusted R Lambda estimated by maximum likelihood (λ ML ) represents phylogenetic dependence level varying from 0 (total phylogenetic independence) to 1 (total phylogenetic dependence). Results of comparison between models with estimated λ ML and models with λ = 0 and λ = 1 are given in the two last columns with P values (P). Based on model significance and parsimony, model 2 is retained as best model (highlighted in grey) species longevity was found to be positively associated with body mass (Holmes and Martin 2009; Speakman 2005; Stearns 1992 ). More interestingly, our correlative results also show that RBC produced less mitochondrial ROS and contained more cardiolipin in longer-than in shorter-lived species after controlling for body size. However, we did not detect any link between longevity and RBC membrane resistance to oxidative attack. Because we did not measure cell membrane composition per se, more work is required before rejecting the possibility that unsaturated phospholipids have an impact on longevity by shaping membrane resistance to oxidative attack. Furthermore, the cell membrane composition of a tissue can change through the removal/replacement of damaged acyl chains or after the turnover of the cells composing the tissue (discussed in Pamplona and Costantini 2011) . Then, resistance of a given tissue may be linked with the turnover of its cells and investment in repair mechanisms may be more important in tissues with a low turnover. Based on this hypothesis, tissues with a high turnover, such as the blood, may be less subject to selection and therefore less likely to inform on the correlation between membrane resistance and longevity. Although the negative correlation between longevity and ROS production at the cellular or mitochondrial levels has already been documented in comparative studies (Csiszar et al. 2012 ; Lambert e t a l . 2 0 0 7 ; Robert et al. 2 0 0 7 ; b u t s e e Montgomery et al. 2012) , the importance of mitochondrial cardiolipin content in shaping ROS production and longevity had not yet been addressed. In eukaryotes, cardiolipins are found exclusively in the mitochondrial inner membrane. Laboratory measurements of cardiolipin content are often interpreted as a measure of mitochondrial (membrane) density per cell (Passos et al. 2007b) . Indeed mitochondria are organized in dynamic networks: their membranes get constantly joined by the process of fusion and divided by the process of fission (Archer 2013) . Among the variety of lipids and proteins constituting mitochondrial membranes, cardiolipins have a high affinity with a large number of proteins and thus play a central role in the structural organization of mitochondrial membranes (Schlame and Ren 2009) . Then, an increase in the proportion of cardiolipins in the inner mitochondrial membrane is thought to help better regulating the proton gradient and to lessen ROS production (Hoch 1998; Paradies et al. 2010; Schlame and Ren 2009) . Accordingly, our correlative analyses show that the production of superoxide per RBC is strongly and significantly decreasing with increasing cardiolipin content per RBC (r = −0.63; Table 2 ). The importance of the links between phospholipid composition of inner mitochondrial membranes, proton gradient and ROS production in shaping animal longevity is receiving growing attention (Galván et al. 2015; Hulbert 2010 Hulbert , 2008 Naudí et al. 2013; Valencak and Ruf 2013) , and our results suggest a key role of mitochondrial content in cardiolipins. In the present study, we did not measure additional markers of mitochondrial membrane density or composition, and thus it cannot be excluded that the increase in cardiolipin content per RBC reported above is driven by a greater mitochondrial density (i.e. more mitochondria) rather than by a greater proportion of cardiolipins per mitochondrion. The finding that cardiolipin content per RBC is also declining with increasing species body mass (r = −0.55; Table 2 ) is nonetheless supporting the later hypothesis. It matches a previous finding in mammals that larger species have lower densities of mitochondria per gram of liver and are longer-lived (Passos et al. 2007b ). Moreover, it has already been suggested that differences in mitochondria proton conductance between bird species is more likely to be explained by differences in inner-membrane properties than by variations in the amount of membranes (Brand et al. 2003) . Altogether, our results suggest that longer lifespan in bird species may be associated both with lower densities of mitochondria per RBC and with greater amount of cardiolipin in their mitochondrial inner membrane, which are both expected to reduce mitochondrial ROS production.
The importance of cardiolipin in ageing research is new. Previous studies have shown a loss of cardiolipin content in old individuals that could account for the increased ROS production at older ages and may accelerate ageing (Paradies et al. 2002 (Paradies et al. , 2000 . Furthermore, it was shown that deficiency in complex I activity in mitochondria from old rats can be almost completely restored to the level of young rats by supplementing mitochondria with cardiolipin (Petrosillo et al. 2009 ). Finally, mutations associated with cardiolipin deficiency are also linked to shortened lifespan in Drosophila flies (Acehan et al. 2011; Zhou et al. 2006 ) and in humans (Schlame and Ren 2006) . The costs of maintaining high amounts of cardiolipin in the mitochondrial inner membrane remain however unclear. More work is required to better understand inter-and intra-specific variability in cardiolipin content and its importance in shaping ROS production and animal life histories. To this end, RBCs of birds, fish, amphibians and reptiles may provide an interesting source of information since they are enclosing a nucleus and mitochondria (Stier et al. 2015) .
Conclusion
Beside showing the ease with which RBC can be collected in various species to provide access to mitochondria, our study indicates that the variation observed in RBC mitochondrial attributes (i.e. superoxide production and cardiolipin content) do explain for part of the variation observed in longevity across species, as previously found in mitochondria isolated from metabolically very active tissues such as liver, heart or brain (Barja and Herrero 2000; Herrero and Barja 1998; Lambert et al. 2007; López-Torres et al. 2002; Navarro and Boveris 2004) . Why and how variation in RBC mitochondria attributes can account for longevity deserves further studies (Stier et al. 2015) .
